Glucose Tolerance and Insulin Resistance in the JCR:LA-Corpulent Rat:
Effect of Miglitol (Bay m1099)
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A standardized meal tolerance test (MTT) using 5 g rat chow provides a sensitive index of insulin and glucose metabolism in
the insulin-resistant, hyperinsulinemic, hypertriglyceridemic, and atherosclerosis-prone JCR:LA-corpulent {cp) strain of rats.
The MTT revealed differences in insulin/glucose metabolism that were not evident in either an intravenous (IVGTT) or
intraperitoneal (IPGTT) glucose tolerance test. The glycemic response of control rats to a 5-g carbohydrate test meal
containing miglitol (Bay m1099) was sharply reduced, with a 50% effective dose (EDs) of 36.4 = 7.5 mg/100 g food. At a dose of
60 mg/100 g food, the plasma glucose curve was flat and indistinguishable from that found in the nonfed state. The plasma
insulin response was similarly reduced, with an ED5, of 42.8 + 14.8 mg/100 g food. Obese male rats were treated with miglitol
at 60 mg/100 g food from 6 to 12 weeks of age. Treated rats had a significantly reduced food consumption and lower body
weight at 12 weeks of age (P < .05}. The treatment resulted in no significant changes in serum lipid concentrations. When
subjected to the MTT using control (non-miglitol-containing) food, treated rats demonstrated markedly improved insulin
sensitivity, with a greatly reduced insulin response, which may reflect an improved hepatic glucose metabolism. The results
confirm that miglitol is highly effective in this obese insulin-resistant animal model. It reduced postprandial glycemic and
insulin responses, and on long-term treatment, it improved glucose and insulin metabolism. These beneficial metabolic

changes suggest that miglitol may have vascular protective effects in insulin-resistant states.
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HE METABOLIC SYNDROME characterized by abdomi-
nal obesity, insulin resistance, and resultant hyperinsulin-
emia and hypertriglyceridemia is very common in prosperous
societies. It is strongly associated with the development of
atherosclerosis and symptomatic cardiovascular disease.!2 Insu-
lin resistance is the central component of the syndrome rather
than frank diabetes. Quantitative assessment of the insulin
resistance is difficult, as the glucose tolerance may be relatively
normal, albeit at the expense of marked hyperinsulinemia. The
plasma insulin concentration provides an index of insulin
resistance but is variable with the time of day and food intake,
and in this very stress-sensitive strain, it is labile in response to
stress. Studies on rats in our laboratory require the quantifica-
tion of changes in insulin resistance. We have found both a
conventional intravenous glucose tolerance test (IVGTT) and
an intraperitoneal glucose tolerance test (IPGTT) to be insensi-
tive and inadequate. A standardized meal tolerance test (MTT)
provides much more sensitivity and is obtained under condi-
tions close to those of the normal unmanipulated rat.

The JCR:LA-corpulent (cp) rat developed by Koletsky® and
Hansen? is an animal model for the metabolic syndrome. If
homozygous for the autosomal recessive c¢p gene, the rats
(cp/cp) lack any leptin receptor’ and are obese, insulin-resistant,
hyperinsulinemic, and hypertriglyceridemic.®® Male cp/cp rats
spontaneously develop atherosclerosis that progresses to ad-
vanced lesions and leads to ischemic myocardial lesions.10-11
Female cp/cp rats do not develop cardiovascular disease until an
advanced age, and homozygous normal (+/+) lean rats are
largely spared this disease. JCR:LA-cp rats strongly mimic the
human population, with normal and resistant (+/+) animals, as
well as cp/cp and disease-prone animals. We have shown that
treatments that reduce the hyperinsulinemia also prevent the
development of cardiovascular disease,'>"'> whereas a reduction
of the hyperlipidemia, alone is not protective.! Treatment with
the calcium channel antagonists nifedipine!” and nisoldipine?? is
cardioprotective, probably by inhibiting vasospasm secondary
to a defective endothelium-dependent relaxation factor.’® Evi-
dence to date suggests that endothelial damage due to hyperin-
sulinemia is a critical factor in the development of cardiovascu-
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lar disease in this animal model.2*2! The assessment of insulin
sensitivity in these animals is essential for studies of the
development of both the insulin resistance itself and potential
pharmacological treatments.

Miglitol (Bay m1099) is an a-glucosidase inhibitor that is a
deoxynojirimycin derivative,?? and has been suggested to have
no extraintestinal effects on glucose control.”> We have studied
the effects of miglitol on plasma glucose and insulin responses
to a carbohydrate test meal in the male cp/cp rat of the
JCR:LA-cp strain. Further, we have examined the effect of
miglito] treatment from 6 to 12 weeks of age on both insulin
sensitivity and plasma lipids. We report that miglitol is effective
at low doses and has beneficial effects on postprandial glucose
and insulin responses in this insulin-resistant animal model.

MATERIALS AND METHODS
Animals

Male rats of the JCR:LA-cp strain, obese (cp/cp) and lean (+/? or a
2:1 mixture of heterozygotes, cp/+, and homozygotes, +/+), were
raised in our established breeding colony at the University of Alberta as
previously described.’” The rats for these studies were weaned at 3
weeks of age and housed initially in pairs in polycarbonate cages on
woodchip bedding at 20°C and 55% relative humidity. The lighting was
on a 12-hour cycle, with either normal lights on at 6 aM and off at 6 Pm
or the reverse to allow study and testing during the dark phase of the
diurnal cycle when the animals are active. At 6 weeks of age, the rats
were housed separately.

Food was available at all times (Teklad Rodent Diet; Harlan
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Sprague-Dawley, Madison, WI). This is a corn and wheat-based diet of
less than 4% total lipid** and 23% protein content; the energy content is
approximately 3.3 kcal/g. For treatment purposes, miglitol was incorpo-
rated into powdered diet that was then moistened, pelleted by extrusion
through a die, and air-dried. Test meals consisted of 5 g chow-like
synthetic diet (D11721; Research Diets, New Brunswick, NJ) incorpo-
rating miglitol at various doses.

All animal care and experimental procedures were in conformity with
the guidelines of the Canadian Council on Animal Care and were
subject to institutional review and approval.

Experimental Protocols

Animals vsed for the glucose tolerance tests were maintained on
pormal rat chow without any treatment until the tests. A separate group
of rats were fed chow containing miglitol at various dosages from 6 to
12 weeks of age. All rats were killed under halothane anesthesia by
bleeding from the heart. Serum for lipid analysis was separated and
frozen at —70°C until analyzed.

IVGTT

The IVGTT procedure was performed on 12-week-old rats during the
light phase following an overnight period of food deprivation. The
animals were anesthetized with 3% to 4% halothane in oxygen and
maintained on 2% halothane on a warmed table. A carotid artery was
cannulated with PE50 polyethylene tubing (Intramedic; Becton Dickin-
son, Parsippany, NY) filled with heparinized saline. p-Glucose 0.5 g/kg
body weight was injected into the contralateral jugular vein using a
27-gauge needle. Blood was sampled from the carotid cannula before
and at fixed times after the glucose load, and the plasma was separated
for analysis of glucose and insulin.

MTT

The insulin and glucose metabolism of the cp/cp rat is abnormally
responsive to stress or disturbance. To reduce variability, glucose
tolerance tests were performed on conscious rats under a specific
protocol and during the dark (active) phase of the diurnal cycle. At 9
weeks of age, the rats were acclimatized to an isolated room with lights
on a reversed cycle (off at 6 aM and on at 6 pm). At 10 weeks of age, the
rats were conditioned to a sham procedure with removal of food for 24
hours, presentation of a control test meal, and a mock tail bleed. The
animals were studied weekly between 11 and 13 weeks of age, with
three only blood samples taken during each session. They were
subjected to a different schedule of sampling times during each session
so as to obtain two samples from each rat at each of six time points
without an excessive amount of blood taken.

Animals were warmed on a heated table to ensure vasodilation of the
tail, and 0.5 mL blood was taken from the tip of the tail. The rats were
then replaced in their cage, with the test meal given at 9 am (3 hours into
the dark phase). Timing was started when 50% of the test meal was
consumed, and blood samples were taken at 30, 60, 90, 180, and 240
minutes for analysis of glucose and insulin. All rats ate the full test meal
within 15 minutes of presentation.

IPGTT

An intraperitoneal glucose injection was used to provide a rapid
glucose challenge with minimal stress and without the possible
confounding effects of anesthesia or indwelling cannulae. A p-glucose
(50% wt/vol) solution was injected intraperitoneally using a 27-gauge
needle and a dose of 1 g/kg body weight for lean +/? rats. The cp/cp rats
were injected with a glucose load equivalent to the mean mass of
glucose administered to +/? rats, thus essentially normalizing the dose
to the lean body mass of the rat. IPGTTs were performed in the same
manner as the MTT, with the exception that no food was given and
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blood samples were taken at time O (before glucose injection) and at 15,
30, 60, 90, and 120 minutes.

Analytical Methods

The plasma glucose level was measured using a rapid glucose
oxidase technique (Beckman Instruments, Brea, CA). Insulin was
assayed with a double-antibody radicimmunoassay technique (Kabi
Pharmacia, Uppsala, Sweden) and rat insulin standards. Serum lipid
concentrations were determined by the gas chromatographic total lipid
profile technique of Kuksis et al.>

Statistical Analyses

The area under the curve (AUC) for the plasma glucose response to
the test meal was calculated from the data at 30, 60, and 90 minutes
following the meal challenge. Mean plasma levels for rats in the
no-food control condition were subtracted from the values for indi-
vidual rats, and the results were summed rat by rat to effectively yield
the AUC over the period of 15 to 105 minutes. Units are expressed as
millimoles per minute. Curve-fitting was performed with the Sigmaplot
program (SPSS, Chicago, IL). Dose-response data for the effect of
miglitol were analyzed using the program ALLFIT.?® This program fits
the entire data set to the logistic equation and performs statistical
comparisons between groups. Other data were analyzed by ANOVA and
differences were tested by Bonferroni’s method, with a P level less than
.05 indicating significance. Data are presented as the mean + SEM.

RESULTS
IVGIT

Glucose and insulin responses to the IVGTT of both +/? and
cp/ep rats are shown in Fig 1. The plasma glucose response to
the 0.5-g/kg load is greater in cp/cp rats, which received 37%
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Fig 1. Plasma glucose and insulin in response to an intravenous
glucose bolus of 0.5 g/kg body weight at time 0. Data are the mean +
SEM for 6 rats at 12 weeks of age in each group. O, +/7 rats; @, cp/cp
rats. Asymptotic glucose values were significantly greater in cp/cp
rats {P < .001).
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more glucose due to their greater body weight. The principal
difference in the response is the failure of plasma glucose in the
cp/cp rat to return to the fasting range of approximately 10
mmol/L, as in +/? rats. A simple analysis based on a simple
exponential decay (glucose, g = goe™) yields a value for k, the
rate constant, of 0.214 * 0.023 and 0.111 * 0.017 min ! for
+/?7 and cp/cp rats, respectively (P <.0l). However, this
analysis is misleading, as it assumes an ultimate concentration
of 0. A more appropriate measure of the initial rate constant for
glucose clearance is obtained by fitting the data to the equation,
g = g’ + gee ™™, which yields k values of 0.113 £ 0.08 and
0.166 = 0.030 min~! for +/? and cp/cp rats, respectively (NS,
P > .1). However, the values for g’, the asymptotic glucose
concentration, were 10.2 = 0.27 and 16.9 * 0.34 mmol/L for
+/? and cp/cp rats, respectively, and this difference was highly
significant (P < .001). The plasma insulin response to the
glucose load was much greater in cp/cp rats and insulin levels
remained elevated at 30 minutes (P < .001).

IPGIT

Fasting glucose levels were not different in +/+ and cp/cp
rats subjected to the IPGTT. The glucose challenge resulted in a
modest increase in glucose that was not different between +/?
and cp/cp animals and was followed by a return to fasting
concentrations by 60 minutes. Fasting insulin levels were
14-fold higher in cp/cp rats versus +/7 rats. In response to the
intraperitoneal glucose challenge, insulin in +/? rats increased
from 100 to 250 pmol/L, decreasing to baseline levels by 45
minutes. In contrast, cp/cp rats showed a modest biphasic
increase from 1,500 pmol/L, with an initial peak of 2,200
pmol/L and a return to baseline by 60 minutes (Fig 2).

(o]

N

GLUCOSE mmol/I
R [+ 4}

2000

1000

INSULIN pmol/I

0 30 60 90
TIME MINUTES

Fig2. Plasma glucose and insulin in response to an intraperitoneal
glucose bolus of 1.0 g/kg body weight in +/? rats at time 0. Data are
the mean = SEM for 6 rats at 12 weeks of age in each group. O, +/?
rats; @, cp/cp rats.
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Fig 3. Plasma glucose and insulin in response to a 5-g test meal.
Data are the mean + SEM for 6 rats at 12 weeks of age in each group.
O, +/? rats; ®, cp/cp rats; [J, cp/cp rats given no food.

MIT

Fasting plasma glucose concentrations were slightly higher in
cp/cp rats versus +/? rats in this study (P < .001), but were not
in a hyperglycemic range and remained stable in the absence of
food. Both genotypes showed a modest increase in glucose of
about 2 mmol/L in response to treatment, with glucose in cp/cp
rats returning to 8§ mmol/L by 90 minutes, when there was no
longer any significant difference between +/? and cp/cp rats
(P > .05). The cp/cp rats were hyperinsulinemic (~1,000
pmol/L) in the fasting state, and insulin concentrations were
higher than 5,000 pmol/L in response to the test meal. There
was no response of insulin or glucose to the handling and
sampling of the rats, as shown by the nonfed group (Fig 3).

Effects of Miglitol

The incorporation of miglitol 60 mg/100 g into the test meal
of untreated rats resulted in complete abolition of the insulin
response (Fig 4). This was accompanied by a delay and blunting
of the modest increase in plasma glucose in cp/cp control rats
(P < .0001 at 30 and 60 minutes). Rats that were provided from
6 weeks of age with food containing miglitol 60 mg/100 g were
tested with control food. These rats had markedly greater
insulin sensitivity, with a greatly decreased insulin response at
30 minutes (P < .002) and a reduced glucose increase. Similar
studies were performed on untreated cp/cp rats with test meals
containing a range of miglitol concentrations up to 90 mg/100 g.
The AUC for glucose was a strong function of the miglitol dose,
reducing to O with a 50% effective dose (EDsp) of 36.4 = 7.6
mg/100 g. The peak insulin response (at 30 minutes) showed the
same pattern, with an EDs, of 42.8 + 14.8 mg/100 g (Fig 5).

Plasma lipid values were not significantly changed by the
6-week treatment with miglitol 60 mg/100 g in the food (Table
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Fig 4. Plasma glucose and insulin in response to a 5-g test meal.
Data are the mean = SEM for 6 rats at 12 weeks of age in each group.
®, cp/cp control; [, cp/cp rats given food containing miglitol 60
mg/100 g; <, rats treated for 6 weeks with miglitol 60 mg/100 g food
and given a test meal of control food containing no miglitol. Plasma
glucose was significantly lower in miglitol-treated versus control rats
at 30 and 60 minutes (P < .0001}. The plasma insulin response was
also lower at 30 minutes (P < .002).

1). There were small but significant (P < .05) decreases in both
food intake and body weight (10% and 8%, respectively) in
miglitol-treated cp/cp rats (Table 2).

DISCUSSION

The cp/cp rat at 12 weeks of age does not show any
significant fasting hyperglycemia (Fig 1). However, this quasi-
normal control of plasma glucose is achieved at the expense of
marked fasting hyperinsulinemia. With administration of an
intravenous glucose challenge, cp/cp rats are able to mount an
effective initial decrease in glucose that is as good as or better
than that of +/+ rats. However, this is achieved only with an
even greater (threefold) hyperinsulinemic response, and unlike
the case with +/? rats, plasma glucose reached a plateau at 30
minutes that was significantly elevated compared with the
fasting condition. Thus, the impairment in the cp/cp rat is not
simply in the rate of glucose clearance, but involves other
regulatory factors including the insulin clearance rate and
hepatic glucose metabolism.”

The IVGTT is a very strong challenge to insulin/glucose
metabolism and is a poor indicator of normal function, as the
enteroinsular axis is not involved. The practical necessity to
perform the IVGTT under anesthesia introduces the additional
variable of the anesthetic agent. This is of potential concern,
notwithstanding evidence that halothane induces a basal state of
insulin/glucose metabolism.?” The alternative approach is surgi-
cal implantation of indwelling venous cannulae that are exterior-
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ized to allow intravenous glucose injection and blood sampling
from the conscious rat. Such a procedure requires anesthesia
either on the day of study or several days earlier. In either case,
the surgery, anesthesia, and maintenance of the cannulae cause
significant stress in the animals that we have shown to be highly
stress-sensitive.2° The IPGTT does not require anesthesia in
the rat, results in rapid absorption of glucose, and was used for
comparison to the IVGTT in anesthetized animals. The plasma
glucose response was much more moderate in both genotypes,
with a peak at 5 minutes, reflecting the slower transfer of
glucose to the circulation. The reduced insulin response in +/?
rats probably is a result of the lower peak glucose levels. The
cp/cp rats had twofold higher fasting plasma insulin levels than
anesthetized IVGTT animals, possibly due to their awake state,
but only a small further increase. Overall, rats under the IPGTT
protocol were physiologically more normal but showed a
markedly attenuated insulin response to the glucose challenge.

The MTT (Fig 3) provides a clear-cut index of insulin
function, with only a modest glycemic response in either
genotype but a dramaticaily greater insulin response in the
cp/cp rat. The differentiation between normally insulin-
sensitive +/7 rats and insulin-resistant cp/cp rats is greater
versus the IVGTT or IPGTT. This may reflect the essentially
normal metabolic state of the rats, handled in a familiar manner
and eating at the same time of day as the initial “meal” in the
dark cycle. The extreme insulin response is consistent with our
previous report of massive hypersecretion of insulin from the
isolated pancreas of the cp/cp rat in response to gastric
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Fig 5. Dose-response curves to miglitol in the test meal for
glucose and insulin. {A) Plasma glucose AUC in mmol/L - min; (B)
comparable data for peak plasma insulin level (at 30 minutes). Values
are the mean + SEM for 6 rats at 12 weeks of age in each group. The
ED;, for miglitol is 36.4 + 2.5 for the glucose response and 42.8 + 14.8
for the insulin response.
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Table 1. Whole Serum Lipid Concentrations in Miglitol-Treated JCR:LA-cp Rats

Group No. of Rats Cholesterol Cholesteryl Esters Phospholipids Triglycerides Total Cholesterol
+/? control 6 0.34 = 0.01 1.00 = 0.04 0.83 £ 0.02 0.33 = 0.03 1.34 £ 0.04
cp/cp control 6 0.66 = 0.05 1.95 £ 0.10 247 £0.23 3.94 £ 1.06 2.62 = 0.15
cp/cp miglitol-treated 6 0.67 = 0.02 1.74 = 0.04 2.35 £ 0.1 3.12 = 0.46 2.41 = 0.07

NOTE. Values are the mean = SEM in mmol/L. The dose of miglitol was 60 mg/100 g food. Lipid concentrations are significantly lower in +/? rats
veither cp/cp group (P < .01), but there was no significant difference between miglitol-treated and control cp/cp rats.

inhibitory polypeptide and arginine.’® The greater insulin re-
sponse of the cp/cp rat versus the fa/fa Zucker rat®® appears to be
due to the absence of the leptin receptor in cp/cp rats and a
consequent absence of leptin inhibition of insulin release.3!-%2
The addition of miglitol 60 mg/100 g to the food used in the
MTT was effective in abolishing both the glycemic and
hyperinsulinemic responses to the meal challenge (Fig 4). The
EDs for miglitol is 43 and 36 mg/100 g for insulin and glucose
responses, respectively—a very consistent result (Fig 5). Ani-
mals treated with miglitol for 6 weeks remained hyperinsulin-
emic (1,560 + 101 v 95 = 6 pmol/L for +/? rats; Fig 3) in the
fasting state and thus insulin-resistant, as shown by the time 0
values in Fig 4. However, when fed a test meal without miglitol,
these rats showed greatly reduced glucose and insulin responses
that were highly significant. This effect may be due to some
retained miglitol within the circulation; however, the agent has
effects in the lumen of the gut and is rapidly excreted from the
plasma, with a half-life of about 1 hour.3 Thus, the reduction
found in the glycemic and insulin responses appears to reflect a
real improvement in insulin sensitivity. The modest decreases in
food intake and body weight (Table 2) are consistent with such a
change but, on the basis of other studies in this strain, are far too
small to account for the reduction in insulin resistance.* The
improvement in metabolic status did not extend to a reduction in
plasma lipid levels (Table 1). Since the hypertriglyceridemia
precedes and may play a role in the induction of insulin

Table 2. Effect of Miglitol on Food Intake and Body Weight of
JCR:LA-cp Rats at 11 to 13 Weeks of Age

Group No. of Rats Food Intake (g/d} Body Weight (g)
+/? control 6 217 1.0 296 + 6
cp/cp control 6 36.6 = 0.60 468 = 7.4
cp/cp miglitol-treated 6 32.6 + 1.39% 433 = 13*

NOTE. Values are the mean = SEM. Miglitol was incorporated into
the feed at 60 mg/100 g. Values are significantly less for +/? control
rats vcp/cp rats either treated or untreated.

*P <05 vep/ep control.

resistance in peripheral tissues,* improvements in lipid metabo-
lism would not necessarily be expected. The improvement
similarly did not result in a reduction in elevated fasting insulin,
and thus may be a refiection of enhanced hepatic glucose uptake
in response to a reduced peak glycemic load over a period of
time. Identification of the underlying mechanism will depend
on successful elucidation of the unknown dysfunction(s) of
insulin signal transduction in insulin resistance. The persistence
of fasting hyperinsulinemia in miglitol-treated rats may reflect
the absence of an important leptin-mediated regulation of
pancreatic insulin release in the cp/cp rat.>3!

Tulp et al*® and DeBuono et al*” have also reported evidence
of modest metabolic improvement in other strains of obese rats
with miglitol treatment. Bollen et al*® have found a reduction in
hepatic glycogenolysis in the presence of miglitol. Thus, it
appears that in both humans and obese rats, miglitol reduces
both the postprandial glycemic response and the concomitant
insulin release.

We have previously shown that the nonabsorbed a-glucosi-
dase inhibitor acarbose reduces hyperinsulinemia and is cardio-
protective in the cp/cp male rat.’® The MTT provided a sensitive
and reproducible assessment of the effects of agents, such as
acarbose and miglitol. The results provide clear evidence of the
highly effective response to both acute and chronic treatment
with miglitol in the insulin-resistant cp/cp rat. Such ameliora-
tion of the hyperglycemia and especially the extreme postpran-
dial peak hyperinsulinemia in the cp/cp rat should result in both
antiatherosclerotic and cardioprotective effects, as found with
other agents.121536 The cp/cp rat is a very close analog of the
obese insulin-resistant human, and similar protective effects
may be found in humans even in the presence of continuing
insulin resistance.
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